The Lincoln strain of bovine rotavirus, cytocidal for bovine AU-BEK cells, can establish in the same cell cultures in the presence of foetal calf serum (FCS) a persistent infection that depends on selection of highly resistant cells. In fact, after the induction of the carrier state only a small fraction of the cell population was infected. The parental and the carried viruses are not demonstrably different, the cultures are resistant to superinfection by the homologous virus, the cultures can be cured by antiviral serum in the medium and uninfected resistant cell clones can be selected. The presence of FCS was essential during induction and maintenance of persistence. Its effects appear to be exerted not on the control of virus replication in fully sensitive cells but on the proliferation and selection of the resistant cells.
INTRODUCTION
Rotaviruses, recognized members of the Reoviridae family, are ubiquitous agents of acute gastroenteritis in a wide variety of animal species, as well as in infants and young children (for review, see Flewett & Woode, 1978; McNulty, 1978) . Knowledge of their biology, pathogenicity and epidemiology was initially hampered by difficulties in achieving virus propagation and in performing quantitative titrations in vitro, but quickly improved when conditions affecting virus growth in tissue cultures could be identified. In particular, trypsin treatment of the virus and/or incorporation of the enzyme in culture medium has been found to be important for rotavirus isolation and propagation and for increasing virus infectivity. With such treatments a number of strains of animal rotaviruses, and very recently also some human strains (Sato et al., 1981) , have been adapted to grow in tissue culture and many basic facts about the molecular biology and the growth parameters of this group of viruses have been established.
With respect to the virus-cell interactions, it has become known that well-adapted virus strains or trypsin-treated virus preparations are usually able to shut off cellular macromolecular syntheses and to cause cell death in fully permissive cell cultures (Carpio et al., 1981) . This cytocidal damage could be the in vitro expression of similar pathological changes observable in vivo in the small intestinal epithelium of animals suffering from acute rotavirus diarrhoea (Saif et al., 1978; Pearson & McNulty, 1979) .
Under other conditions, persistent infections were established in cultured cells by and by , and also this different type of virus-cell interaction was proposed as an experimental model possibly analogous to the situation in vivo. Although it has still not been demonstrated, the ability to persist in animals and/or in man could be a property of rotaviruses, shared with other members of the Reoviridae family (Fields, 1972; Spandidos & Graham, 1976; Luedke et al., 1977) and significant for the maintenance of the virus in the environment and for the perpetuation of the disease in young susceptible individuals . However, in both the carrier systems analysed by and by , the infections from the beginning exhibited reduced virulence and the infected cells were not from the species of animal from which the rotavirus strains had originated. In the first system a persistent infection by a bovine non-cytocidal isolate was established in African green monkey kidney (BSC-1) cells, whereas in the second system the simian rotavirus SA-11 induced persistence in the rabbit kidney cell line RK 13, which was only slightly permissive to virus infection. Therefore, these models fail to provide direct evidence that rotavirus infections can evolve in a natural host from a cytocidal, pathogenetic relationship to an inapparent carrier state.
In the present study we describe a further model of rotavirus persistence obtained by infecting a bovine cell line with a bovine rotavirus strain, well adapted to propagation in vitro and cytocidal in routine passage. Foetal calf serum in the nutrient medium was the main condition required for the establishment and the maintenance of the persistence.
METHODS

Cells and viruses.
The AU-BEK cell line, derived from bovine foetal kidney (Rossi & Kiesel, 1973) , the tissue culture-adapted Lincoln strain of Nebraska calf diarrhoea rotavirus (Mebus et al., 1971) and the Indiana serotype of vesicular stomatitis virus (VSV) were employed throughout the experiments.
Cells were cultured in a modified Eagle's minimal essential medium (AU-BEK MEM) containing an increased amount of amino acids and supplemented with 10% tryptose-phosphate broth. Growth medium always contained 10~ foetal calf serum (FCS; Miles International Laboratories). When confluency was achieved, cells were then maintained in AU-BEK MEM alone or in AU-BEK MEM supplemented with 10~ FCS, or with 0.12~ bovine serum albumin (BSA; fraction V). Even when AU-BEK MEM alone was employed, cell viability remained unaffected for more than 10 days. The cells were subcultured using 0-05~o trypsin (Sigma) and 0-02% EDTA (trypsin-EDTA), or 0-02~ EDTA alone, in cation-free phosphate-buffered saline (PBS) at 37 °C for 5 min.
Routine rotavirus propagation was carried out by infecting AU-BEK monolayers with trypsin-treated virus (10 ~tg/ml trypsin, 10 min at 37 °C) at a multiplicity of infection (m.o.i.) of 1 to 5. After infection, cells were maintained in A U-BEK MEM with BSA. Rotavirus infections were carried out variously with or without trypsin treatment of the inoculum, at high or low m.o.i., and with AU-BEK MEM alone or with/~U-BEK MEM supplemented with BSA or with FCS as maintenance medium of the infected cells. In all cases, growth medium was removed before infection, and cells were rinsed with PBS. When required, residual inoculum was also carefully washed out after virus adsorption. In one experiment, soybean trypsin inhibitor (Sigma; 100 Ixg/ml) was added to a trypsin-treated inoculum in order to inhibit the trypsin in the virus preparation before infecting the cells.
VSV was produced in mouse L-cell cultures and titrated as p.f.u, in AU-BEK cells. InJectivity assays. Infectious rotavirus was routinely assayed by a plaque formation method as indicated by Matsuno et al. (1977) . A minor modification was the presence of neutral red during incubation with consequent omission of the second overlay. The agar overlay medium consisted of 1-5~ purified agar (Difco) in AU-BEK MEM containing neutral red, 100 ~tg DEAE-dextran and 1 Ftg trypsin per ml. Plaques were counted on the 4th or 5th day after infection. lmmunofluorescent (IF) staining. Infected, carrier and cured cells were tested for the presence of rotavirus antigens using a direct immunofluorescence technique with a fluorescein isothiocyanate-labelled rabbit.antiserum to bovine rotavirus (Istituto Zooprofilattico Sperimentale, Padua, Italy). The percentage of cells bearing rotavirus antigens was determined by counting 500 cells per cell monolayer in an Orth0plan Leitz microscope equipped with the phoemopak 2 system for fluorescence microscopy with incident light.
An indirect immunofluorescence technique with a fluorescein isothiocyanate-labeUed rabbit antiserum to bovine Ig (Wellcome) was employed to check the absence of rotavirus antibodies in FCS and to titrate rotavirus antibodies in adult bovine sera (BS) to be used as immune sera. All the indirect immunofluorescenceassays were carried out on 24-h infected AU-BEK cultures.
Neutralization (NT) test. The absence of rotavirus antibodies in FCS was confirmed by NT test. The test was carried out according to the plaque reduction method described by Matsuno et at. (1977) .
InJectious centres. To determine the percentage of cells able to release infectious virus during the state of persistence, free virus from monolayers at selected passage levels was washed off with AU-BEK MEM in the presence of 10~ BS containing rotavirus antibodies at an IF titre of 360. Cells were then release~ by EDTA treatment and plated at serial dilutions on 48-h AU-BEK monolayers in prescription bottles. After a 3 h attachment period at room temperature, the bottles were overlaid with the medium employed for infectivity assays, and incubated at 37 °C until plaques developed.
Interference. The presence of auto-and/or heterointerference in carrier cultures was evaluated by infecting normal and carrier cells in roller tubes 48 h after subculture with trypsin-treated rotavirus at an m.o.i, of 1 or with VSV at an m.o.i, of 0-001. After adsorption for 1 h at room temperature, the unadsorbed virus was carefully removed by washing and the cells were refed with AU-BEK MEM. Infected cells were than incubated at 37 °C for 72 h and examined daily for the appearance of cytopathic effect (c.p.e.). At the end of the incubation period, the cells were frozen and thawed and samples were taken for plaque assay. 1 × 107 6'5 X 106 * Roller tube cultures were infected with non-trypsin-treated rotavirus at an m.o.i, of 10. Unadsorbed virus was removed by washing out and cells were incubated at 37 °C with the indicated maintenance medium.
Interferon (IFN) assays.
Media from persistently infected cultures were centrifuged at 100000 g for 1 h and the supernatants adjusted to pH 2.5 with HCI. After incubation at 4°C for 24 h, the pH was readjusted to 7-6 wit h NaOH. Undiluted and serially diluted preparations were then incubated with confluent (48 h) monolayers of AU-BEK cells in prescription bottles for 24 h at 37 °C. The cultures were carefully rinsed with PBS, challenged with 50 p.f.u, of VSV per bottle and overlaid with AU-BEK MEM containing neutral red, 1.5% agar and 100 ~tg/ml DEAE-dextran; plaques were determined after 4 days at 37 °C. A standard laboratory AU-BEK interferon preparation, obtained by Newcastle disease virus (NDV) induction, was used as a control in each assay. The test allowed detection of IFN at titres of 512 or 32 laboratory units/ml in supernatants of normal AU-BEK cells 24 h after challenge with high m.o.i, of NDV or bovine rotavirus respectively.
Curing and cloning.
Curing of the carrier cultureswas achieved by passaging the cells three times, every 7 days, into AU-BEK MEM supplemented with 10~ immune BS. Cloning of cells from persistently infected cultures was performed by terminal dilution in 96-well Dynatech plates with AU-BEK ME M supplemented with 10 ~ immune BS, during the first 5 days after subculture, and with 10~ FCS subsequently until growth of the clones reached confluency. Cured cultures and selected clones were then passaged five times using trypsin-EDTA to disperse the cells and AU-BEK MEM alone as maintenance medium. At each passage level, cured cultures and clones untreated or superinfected with the Lincoln strain of bovine r0tavirus as in the autointerference experiments, were checked for the presence of cells bearing rotavirus antigens and for the presence of infectious rotavirus in the culture fluids.
Viable cell counts. When required, viable cell counts were performed by the trypan blue dye exclusion method.
RESULTS
Growth of the Lincoln strain of bovine rotavirus in A U-BEK cells and establishment of persistence in the presence of FCS
AU-BEK cells allow productive replication of the Lincoln strain of bovine rotavirus and infection is easily established without trypsin treatment of the inoculum or the presence of trypsin during the phases of virus multiplication (Chiarini et al., 1980) . Single-step growth assays were performed and typical rotavirus growth curves were obtained, with virus production continuing at relatively high titres for at least 5 days. When different maintenance media were used, virtually the same virus yield was obtained whether AU-BEK MEM alone, or AU-BEK MEM supplemented with BSA or with FCS, was employed during incubation of the infected cultures (Table 1) .
Therefore, AU-BEK cells are fully permissive for the Lincoln strain of rotavirus and FCS does not appear to modify the pattern of virus growth in the early stages of acute infection in this system.
On the contrary, a significant effect of FCS became evident when a prolonged incubation of the infected cultures was carried out with a change of medium and a subsequent cell passage. In fact, in the absence of FCS, infected cells irreversibly degenerated and cell cultures were invariably lost; in its presence, when the medium was changed after the initial extensive cytocidal effect, some residual cells again began to proliferate and monolayers could be quickly repaired (Fig. 1) . Such cultures still appeared to be infected but composed largely of cells with a normal morphology and negative for virus in the IF test. Regeneration of monolayers was also obtained in cultures initially propagated with AU-BEK MEM alone, but changed to medium containing FCS on the 5th day after infection. Regenerated cultures could be serially passed every 10 to 14 days, and persistence was easily induced and maintained in the presence of FCS. In this way an AU-BEK-ROTA carrier line was established.
After more than 40 passages this line still exhibited considerable stability, with only a few cells affected by a typical rotavirus c.p.e, and with only a few ceils bearing rotavirus antigens. However, when FCS was removed from the maintenance medium, c.p.e, invariably increased during the following two or three passages and monolayers degenerated. If BS containing anti- 
Characterization of the A U-BEK-ROTA carrier line
An analysis of the most significant characteristics of the AU-BEK-ROTA carrier line was performed at its 30th and 35th passage levels.
As shown in Table 2 , persistently infected cultures released infectious virus at titres on average 100 times lower than those obtained from acutely infected cells. In a suggestive relationship, a similarly reduced number of cells in the carrier cultures (on average 1%) synthesized large amounts of virus antigens and appeared to be a site of productive infection (infectious centres). In these cells, fluorescence was always cytoplasmic in distribution, with a diffuse pattern and also with frequently perinuclear, rather prominant inclusion bodies.
No fluorescence was detectable in any of the remaining (99 %) cells of the monolayers. At both passage levels these cultures exhibited complete resistance to superinfection by the original homologous virus. The resistance was not dependent upon a lack of specific receptors for the virus on the resistant cells. In fact, practically the same amount Of virus (approx. 95 % of an inoculum containing 1 p.f.u./ceU) was adsorbed by both normal and carrier cells in experiments where the residual infectious virus in the inoculum was assayed after adsorption for 1 h at 37 °C.
Heterointerference was observed at the 35th, but not at the 30th passage, possibly because of the larger amount of carried virus released at that time. Attempts to demonstrate interferon production were always unsuccessful.
When curing of AU-BEK-ROTA carrier cultures was carried out by use of antiviral antibodies, the cured monolayers still maintained resistance to the homologous virus but resistance progressively decreased over a maximum of five passages and full sensitivity was regained (Table 3) .
The growth rate of the persistently infected cell populations was always, and still is, to some degree slower than that of the control AU-BEK cells. On the contrary, practically no differences were demonstrable between the carried and the original viruses, at least with regard to their efficiency of multiplication in AU-BEK cells. The cytocidal effects induced during acute infection in these cells, the morphology of the plaques arising under agar overlay, and the ability of virus to grow at 39-5 °C were also similar.
The replicative ability of the carried virus, and the general characteristics of the carrier line were maintained unmodified during more than five serial passages of the persistently infected cultures at 33 °C or 39-5 °C, instead of at the usual 37 °C.
Selection of resistant clones from carrier cultures
Fifty cell clones were obtained from the AU-BEK-ROTA carrier line at its 40th passage level by terminal dilution of the cells in the presence of anti-rotavirus antibodies. Five days after * Full sensitivity = >150% of cells bearing rotavirus antigens and ~< 1 loglo of difference in infectious virus production as compared to those caused by the same virus challenge in normal, control AU-BEK cells. Partial sensitivity = less cells bearing rotavirus antigens (< 50% of the control) and reduced production of infectious virus. Complete resistance = no virus antigen nor infectious virus production.
~" Only resistant clones underwent further passages and assays.
cloning, the immune serum was washed out and the clones were grown to conftuency with AU-BEK MEM supplemented with 10% FCS. Clones were then passaged five times at a split ratio of 1 : 3. At each passage, 2 days after seeding, before replacing the growth medium with AU-BEK MEM alone, one culture per clone was infected with the Lincoln strain of bovine rotavirus. Another culture was maintained uninfected as control. Three days later, the presence of infectious virus in the cell supernatants and the percentage of cells bearing rotavirus antigens were evaluated in both the infected and uninfected cultures. In all cases, uninfected cultures of all the selected clones were negative for infectious virus and virus antigen production. All the clones were also resistant to rotavirus infection during the first passage after selection (Table 4) . During the subsequent passages some permissiveness arose, but 30 clones were still completely resistant after the fifth passage.
Trypsin treatments
Although the Lincoln strain of bovine rotavirus is well adapted to grow in cell cultures, trypsin treatment of virus preparations was still able to enhance infectivity titres up to 10-fold. As expected, this enhancement was completely inhibited when 10% FCS was present during the time of virus-trypsin contact.
Trypsin pretreatment of the AU-BEK cells was also effective in increasing cellular susceptibility to the Lincoln strain of bovine rotavirus. If trypsin was employed with EDTA (instead of EDTA alone) to obtain cellular suspensions, higher percentages of cells exhibited virus antigen 24 h after infection, The effect was partially inhibited by the presence of FCS during virus adsorption (Table 5) . * Cellular suspensions obtained by trypsin-EDTA or EDTA treatments were infected with a non-trypsintreated rotavirus preparation at an m.o.i, of 1. After adsorption for I h at room temperature in the presence or absence of FCS, cells were seeded in Leighton tubes and maintained for 24.h at 37 °C in AU-BEK MEM + FCS. At thztt time, the percentage of cells bearing virus antigens, in three cultures per condition, was evaluated as a parameter of infection efficiency. In another experiment, AU-BEK cells in Leighton tubes were infected 28 h after seeding, (i) with untreated rotavirus diluted to an m.o.i, of approx. 0.01, (ii) with the same dilution of rotavirus pretreated with trypsin (10 ~tg/ml) and (iii) with the same dilution of rotavirus pretreated with trypsin but with soybean trypsin inhibitor added at the end of trypsin treatment. After adsorption, the residual inoculum was carefully washed out and the cells were refed with AU-BEK MEM alone or, in some cultures following treatments (i) and (ii), with AU-BEK MEM supplemented with trypsin at 1 ~tg/ml. Incubation was carried out at 37 °C for only 8 h in order to limit the observations to the first cycle of virus replication. After that, percentages of cells bearing rotavirus antigens were evaluated as an index of the efficiency of infection with rotavirus. It was seen (Table 6 ): (i) that the presence of trypsin in the maintenance medium increased the efficiency of infection by untreated rotavirus preparation; (ii) that a higher efficiency of infection was realized when the virus inoculum was pretreated with trypsin; (iii) that this higher efficiency significantly decreased when the trypsin inhibitor was added to the trypsin-treated inoculum, i:e. when exposure of the cells to the enzyme during adsorption was avoided.
With respect to the AU-BEK-ROTA carrier line, passages are usually performed using EDTA alone for cell dispersion. Here again, when trypsinization of the cells was performed, a more extensive c,p.e, could be observed during the first days after subculture. However, in the presence of FCS, damage was quickly repaired and the persistence was always easily maintained.
Effects of FCS on A U-BEK cell proliferation
Finally, the effect of the addition of FCS to the maintenance medium, in comparison with BSA and AU-BEK MEM alone, was investigated with respect to the proliferation of control AU-BEK cells in order to obtain more information on the possible role of FCS in the establishment and maintenance of rotavirus persistence. Cells multiplied efficiently only in the presence of FCS. However, even in this case the growth rate decreased and cells entered a practically complete resting state when monolayers became confluent, probably because of a residual contact inhibition. DISCUSSION Several host and/or virus dependent factors can be responsible for the persistence of animal viruses both in vitro and in vivo. In addition, in carrier systems established by reoviruses, different mechanisms of persistence have been described (Taber et al., 1976; Ahmed & Graham, 1977; Youngner & Preble, 1980) . Several events may contribute to the establishment and/or maintenance of rotavirus persistence. In fact, production of defective interfering particles during rotavirus infection and susceptibility of bovine isolates to interferon (Dagenais et al., 1981) , although at present not correlated with virus persistence, have been observed. Furthermore, inability of the virus to shut down the host synthetic machinery and genetic resistance of the cells to the infecting virus have been verified as causes of persistence induction in two different experimental models . However, in both of these systems no variation could be demonstrated in the biological characteristics of the carrier virus and a cellular restriction of virus replication, not dependent upon interferon production, appeared to become , or to continue to be ) the main factor responsible for the maintenance of the carrier state. The possibility must therefore be considered that, among all the mechanisms that may modulate virus infections, host cell factors (Holmes et al., 1976; Clark et al., 1981) , responsible in some systems for the abortiveness of rotavirus infections B~gin, 1980) are also largely involved in the control of rotavirus persistence.
Cellular factors were mainly responsible for the maintenance of persistence in our AU-BEK-ROTA carrier line. This line, obtained by infecting permissible AU-BEK cell populations with the cytocidal Lincoln virus strain in the presence of FCS, exhibited all the properties listed by Walker (1964) for recognition of persistent infections in resistant cells. Only a few cells in the culture appeared to be infected; autointerference was constantly demonstrable in carrier cultures, and cure was achieved by antiviral serum in the medium; autointerference was maintained, in cured cultures for few passages, and cell clones resistant to the homologous virus for more than five passages could be obtained. In addition, no variations in the carriedvirus, nor temperature-sensitive phenomena during the carrier state, were observed.
However, FCS was required not only for the induction but also for the maintenance of the persistence.
It is known that FCS, even if devoid of specific antibodies, can inhibit rotavirus infectivity at least in some experimental models (Smith et al., 1979; , mostly because of its strong, anti-proteolytic activity . Such an inhibition was only observed in AU-BEK cells acutely infected with the Lincoln strain of bovine rotavirus with respect to the enhancing effect of trypsin treatment of cells and/or virus. On the contrary, in single-step growth assays FCS did not inhibit virus replication when trypsin treatments were omitted. Consequently, the effects of FCS in the establishment of AU-BEK-ROTA carrier line appear to have been exerted not on the control of virus replication in fully sensitive cells, but on the proliferation and selection of the few resistant cells that must have been present in original AU-BEK populations. Proofs were the effective stimulus of FCS on cellular growth and the focal aspect of monolayer regeneration after the initial extensive cytocidal damage. A periodic appearance of a few revertant, sensitive cells could explain the maintenance of the carrier state. When antibody cure was performed and the selective effect of the virus was no longer active, resistant cells were probably disadvantaged by their slower growth rate and replaced by sensitive cells. When FCS was removed, resistant cells stopped proliferating and spontaneous reversion to sensitiveness, as observed also in some of the selected clones, caused complete degeneration of the carrier cultures in a relatively few passages.
The nature of the cellular resistance was not a lack of specific receptors for the virus. Nor is a mechanism involving interferon production likely because heterointerference was only occasionally observed. Virus restriction during a specific phase of the cell growth cycle, as proposed by , is unlikely because in that case the virus genome would have been maintained in the cells, cure being impossible. In addition, the carried virus, practically indistinguishable from the parental Lincoln strain, probably shared with it the property of blocking synthesis of host macromolecules. Finally, AU-BEK-ROTA carrier cells also entered a resting state a few days after seeding, even in the presence of FCS. This phase, according to , was more permissive for complete virus production, but this was never observed in our system.
In our opinion, a defect in virus uptake is more likely to be responsible for cellular resistance in the AU-BEK-ROTA carrier line. On this basis, it would be possible to explain the observations that resistant cells, although able to adsorb virus, failed to express any virus antigen, and that cellular sensitivity was improved by trypsin treatment of cells before, or soon after, virus infection. Such a result of trypsin treatment was not observed by other authors (Barnett et al., 1979; ). In our system it might be an expression of the need for enhanced virus penetration through a modification of the 'stick and grip' system on the cell surface mediated by trypsin (Rees et al., 1977) .
Selection of resistant cells was frequently observed in cell cultures persistently infected with picornaviruses. On the contrary, such a mechanism seems not to be a major factor in persistent infections with other viruses (Rima & Martin, 1977) and in vivo (Streissle, 1981). Rotaviruses might represent an exception to this rule. They are in fact usually cytocidal but their infectivity is largely dependent upon cellular permissiveness and cellular physiology (B~gin, 1980) . Cellular sensitivity might change frequently and persistence might be easily established, at least in some cases, as a consequence of a dynamic equilibrium between sensitive and resistant cells.
The hypothesis is feasible but its in vivo relevance, as well as in vivo rotavirus persistence itself, remains to be demonstrated.
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